A thermophilic, anaerobic, heterotrophic bacterium, designated 2PyrY55-1 T , was isolated from the wall of an active hydrothermal white-smoker chimney in the Soria Moria vent field (71 N) at the Mohns Ridge in the Norwegian-Greenland Sea. Cells of the strain were Gram-negative, motile rods that possessed a polar flagellum and a sheath-like outer structure ('toga'). Growth was observed at 45-70 C (optimum 65 C), at pH 5.0-7.5 (optimum pH 5.5) and in 1.5-5.5 % (w/v) NaCl (optimum 2.5 %). The strain grew on pyruvate, complex proteinaceous substrates and various sugars. Cystine and elemental sulfur were used as electron acceptors, and sulfide was then produced. The G+C content of the genomic DNA was 27 mol% (T m method). Cellular fatty acids included C 16 : 0 , C 14 : 0 , C 16 : 1 !7c and/or iso-C 15 : 0 2-OH, C 16 : 1 !9c, C 18 : 1 !9c, C 18 : 0 , C 18 : 1 !7c and C 12 : 0 . Phylogenetic analyses of the 16S rRNA gene showed that the strain belonged to the genus Marinitoga in the family Petrotogaceae. Based on the phylogenetic and chemotaxonomic data, strain 2PyrY55-1 T (=DSM 29778 T =JCM 30566 T
Members of the class Thermotogae are anaerobic, nonspore-forming bacteria that grow by fermenting various organic compounds, including sugars and complex proteinaceous substrates. In many cases they are also able to reduce sulfur compounds. Cells of all members of the class have a characteristic outer sheath-like structure called a 'toga'. The class Thermotogae currently comprises 13 genera: Thermotoga, Pseudothermotoga, Thermosipho, Petrotoga, Oceanotoga, Mesotoga, Mesoaciditoga, Marinitoga, Kosmotoga, Geotoga, Fervidobacterium, Defluviitoga (Bhandari & Gupta, 2014a) and Athalassotoga (Itoh et al., 2016) . The class used to consist of only the family Thermotogaceae, but was recently reorganized according to a proposal made by Bhandari & Gupta (2014a) (Oren & Garrity, 2014) . It now contains the following five families: (1) Thermotogaceae, comprising the genera Thermotoga and Pseudothermotoga; (2) Fervidobacteriaceae, comprising the genera Fervidobacterium and Thermosipho; (3) Petrotogaceae, comprising the genera Petrotoga, Geotoga, Marinitoga, Oceanotoga and Defluviitoga; (4) Kosmotogaceae, comprising the genera Kosmotoga and Mesotoga; and (5) Mesoaciditogaceae, comprising the genera Mesoaciditoga and Athalassotoga. The family Mesoaciditogaceae was recently proposed by Itoh et al. (2016) . Members of the class Thermotogae have been isolated from various environments including oil reservoirs, anaerobic bioreactors, terrestrial hot springs, aquifers, and marine hydrothermal vents and sediments (Bhandari & Gupta, 2014b) . The genus Marinitoga contains, at the time of writing, the five species Marinitoga camini (Wery et al., 2001) , M. piezophila (Alain et al., 2002) , M. hydrogenitolerans (Postec et al., 2005) , M. okinawensis (Nunoura et al., 2007) and M. litoralis (Postec et al., 2010) . The type strain of M. litoralis originated from a coastal thermal spring, while the other type strains originated from marine hydrothermal vent environments. Here, we describe the isolation and physiological characterization of strain 2PyrY55-1 T which we propose as a representative of a novel species of the genus Marinitoga. ). An active chimney was collected with the remotely operated vehicle 'Bathysaurus' and brought to the surface in a partly closed basket. The outer surface of the chimney consisted of anhydrite and barite, while the inside consisted mainly of sphalerite, chalcopyrite and anhydrite. Subsampling of the chimney and the preparation of the slurry used for the enrichment of strain 2PyrY55-1 T have been described by Steinsbu et al. (2011) . The medium that was used for the enrichment of the strain had the following composition (per litre): 3.03 g PIPES (Sigma), 20 g NaCl, 4.0 g Na 2 SO 4 , 4.3 g MgCl 2 .6H 2 O, 0.25 g NH 4 Cl, 0.34 g KCl, 0.14 g CaCl 2 .2H 2 O, 0.14 g K 2 HPO 4 .3H 2 O, 1.0 ml trace element solution (Steinsbu et al., 2011) , 0.002 g Fe(NH 4 ) 2 (SO 4 ) 2 .6H 2 O and 0.001 g resazurin. The pH was adjusted to 6.8 at room temperature. The medium was autoclaved in a dispenser (Widdel & Bak, 1992) and cooled under N 2 gas. Then, 10 ml vitamins l À1 (Balch et al., 1979) and 0.002 M Na 2 S were added from sterile anaerobic stocks. The pH was readjusted to 6.8 and medium was dispensed into 27 ml Balch tubes in 10 ml portions, or 50 ml serum bottles in 20 ml portions, during flushing with N 2 . The vessels were sealed with butyl rubber stoppers and aluminium crimp caps. Thereafter, 1 ml of slurry prepared with crushed vent chimney material was transferred to a serum bottle with 20 ml medium that had been amended with 0.1 % yeast extract and 10 mM sodium pyruvate. After 2 days of incubation at 55 C without shaking, the culture medium had turned turbid, and rod-shaped cells could be seen by phase-contrast microscopy. A pure culture was obtained by repeated serial dilution and picking of single colonies in enrichment medium solidified with~0.3 % Gelrite gellan gum (Sigma). Colonies were irregular and white. Dilutions were made by serial transfer of 0.5 ml inoculum to anaerobic 12 ml serum bottles containing 4.5 ml of medium. The bottles were then heated to 65 C in a water bath. Hot and freshly autoclaved Gelrite gellan gum solution (3 %, w/v) was rapidly added to each bottle by use of prewarmed 1 ml syringes and 20 G cannulas. The bottles were gently shaken to mix the content and then immediately placed at room temperature. The content was allowed to solidify properly before the bottles were incubated upside-down at 55 C. The bottle that showed growth at the highest dilution was opened, and single colonies were picked by use of N 2 -flushed 1 ml syringes with 23 G cannulas filled with 0.3 ml culture medium. The colonies together with the medium were used to inoculate tubes with 10 ml fresh medium. Four consecutive dilutions were performed before the strain was considered pure. The purity of the culture was checked routinely by phase-contrast microscopy (Axioscope 40; Zeiss), and by amplification and sequencing of the 16S rRNA genes (as described below).
Cell morphology and flagellation were investigated further by use of scanning electron microscopy. Samples were prepared from a cell culture in the exponential growth phase, which was flushed for 15 min to remove sulfide. Cells were fixed overnight in 2 % glutaraldehyde, postfixed in 1 % OsO 4 and then dehydrated in increasing concentrations of ethanol. A drop of cell suspension was dried overnight at 37 C onto a coverslip mounted on an alumiunium stub. The sample was coated with palladium/gold before imaging in a Jeol JSM-7400F scanning electron microscope. The analyses were performed at the Molecular Imaging Center, Department of Biomedicine, University of Bergen.
Cells of strain 2PyrY55-1 T were straight to slightly curved rods (0.5-0.8Â1.0-5.0 µm), motile by use of a single polar flagellum ( Fig. 1 ). They were anaerobic and unable to grow in anoxic medium in the absence of a reducing agent. Pleomorphism was often observed under suboptimal growth conditions. Like other members of the class Thermotogae, the cells possessed a 'toga'. However, it was often difficult to spot the toga under phase-contrast microscopy as it often did not protrude very far from the rest of the cell. The cells tested Gram-negative with the KOH string test (Ryu, 1938) .
The almost-complete 16S rRNA gene of strain 2PyrY55-1 T was amplified and sequenced as described by Steinsbu et al. (2011) . Additional analyses were performed under the same conditions with primers Arc931f (Jackson et al., 2001 ) and A1392R (5¢-ACGGGCGGTGTGTGC-3¢) to ensure that no archaea were present. The obtained sequence (1494 bp) was compared to sequences in GenBank (Benson et al., 2013) by use of BLAST (Altschul et al., 1997) . The 16S rRNA gene sequence similarities between strain 2PyrY55-1 T and the type strains of the other species of the genus Marinitoga were determined with the pairwise global alignment algorithm (Myers & Miller, 1988) using the web server program EzTaxon (Kim et al., 2012) . The 16S rRNA gene sequence similarities between strain 2PyrY55-1 T and the reference type strains are given in Table 1 .
The 16S rRNA gene sequences of strain 2PyrY55-1 T and other members of the class Thermotogae were aligned against the SILVA104 alignment (Quast et al., 2013) using the NAST aligner (Pruesse et al., 2012) and ARB 5.0 software (Ludwig et al., 2004) . Sequences that were not present in the original alignment were imported from GenBank. The 'pos_var_ssuref_bacteria' filter, calculated from the original SILVA104 alignment, was used to exclude highly variable alignment positions (filter values 1-9) and columns containing gaps. The refined alignment had 1066 columns and was exported and used for the reconstruction of phylogenetic trees using the MEGA6 software (Tamura et al., 2013) . A neighbor-joining (NJ) tree (Saitou & Nei, 1987) was made using the Maximum Composite Likelihood model. A maximum-likelihood (ML) tree was reconstructed by use of the GTR+I+G substitution model with four discrete gamma categories. A maximum-parsimony (MP) consensus tree was made using the SPR search method. Bootstrapping (Felsenstein, 1985) was performed with 1000 replicates for the NJ method and with 200 replicates for the ML and MP methods.
Strain 2PyrY55-1 T was grown in medium 'M25MaltY', unless otherwise noted in the text. 'M25MaltY' had the following composition (per litre): 3.9 g MES, 25 g NaCl, 2.7 g MgSO 4 .7H 2 O, 4.3 g MgCl 2 .6H 2 O, 0.25 g NH 4 Cl, 0.34 g KCl, 0.14 g CaCl 2 .2H 2 O, 0.14 g K 2 HPO 4 .3H 2 O, 1.0 g yeast extract, 2.0 g maltose, 1.0 ml trace element solution (Steinsbu et al., 2010) , 0.002 g Fe(NH 4 ) 2 (SO 4 ) 2 .6H 2 O, 10 ml vitamins (Balch et al., 1979) , 0.002 M Na 2 S and 0.001 g resazurin. All components except maltose, vitamins and sulfide were added to a final volume of 1 litre, and the pH was adjusted to 5.5. The medium was boiled for 2 min, and then cooled to room temperature on ice and dispensed anaerobically into tubes or bottles. The vessels were sealed with thick butyl rubber stoppers and crimp caps and autoclaved at 121 C for 25 min. The remaining medium components were added to each vessel from separately sterilized stock solutions shortly before use. The pH of the final medium was 5.8.
Growth of strain 2PyrY55-1 T was determined by measuring changes in OD 600 by placing the culture tubes directly into a spectrophotometer (Genesys 10 Vis; Thermo Scientific). The temperature, salt and pH tests were performed in triplicate. The temperature range for growth of the strain was determined at pH 5.8 at intervals of 5 C from 30 to 80 C. Growth was observed at 45-70 C with an optimum at 65
C. Salt tolerance was tested at pH 5.8 and 65 C in 'M25MaltY' prepared with various concentrations of NaCl in the range 0-6.0 % (w/v). The strain grew optimally in the presence of 2.5 % (w/v) NaCl with the lower and upper limits for growth being 1.5 and 5.5 % (w/v), respectively. The influence of pH on growth of the strain was tested at 65 C in 0.5 intervals from pH 3.5 to 8.5 (measured at room temperature) in 'M25MaltY' emended with 0.05 % cysteine-HCl and prepared with various buffers (trisodium citrate for pH 3.5-5.0, MES for pH 5.0-6.5, PIPES for pH 6.5-7.0, HEPES for pH 7.0-8.0, AMPSO for pH 8.5) at a final concentration of 20 mM. Cysteine-HCl served as an additional reducing agent as well as to minimize the pH increase caused by the addition of sulfide. The pH was rechecked before inoculation and adjusted if necessary. The strain grew in the pH range 5.0-7.5 and optimally around pH 5.5.
The ability of strain 2PyrY55-1 T to use alternative substrates was tested at pH 6.0 in 'M25Y' medium, which comprised 'M25MaltY' prepared without maltose and with only 0.02 % yeast extract l
À1
. Substrates were added from concentrated stock solutions shortly before inoculation. Additional tests in 'M25Y' medium without the additional substrates served as background controls. The tests were initially done without replication. For those substrates that did not contribute to growth in the first place, the experiment was repeated with fresh inoculum and medium. The strain was regarded as utilizing the added substrate only if growth was sustained after two subsequent transfers into fresh medium. The strain grew well on yeast extract, which was also required in small amounts (0.02 %) for growth on other substrates. Growth was enhanced by D-glucose The use of sulfur compounds by strain 2PyrY55-1 T was tested in triplicate in 'M25MaltY' medium. Elemental sulfur was tyndallized as described by Steinsbu et al. (2010) . L-Cystine and sulfate were autoclaved, while thiosulfate was sterilized by filtration. Production of sulfide was analysed as described by Cord-Ruwisch (1985) . Elemental sulfur (1 %) and L-cystine (1 %) were used as electron acceptors, and sulfide was produced. Neither sulfide production nor stimulation of growth was observed in the presence of thiosulfate (20 mM) or sulfate (20 mM).
The effect of H 2 gas on the growth of strain 2PyrY55-1 T was tested in 'M25Y' medium at pH 6.0. Growth under gas phases containing 100 % H 2 and 100 % N 2 was compared both in the presence and in the absence of L-cystine (1 %) and elemental sulfur (1 %). The analyses were done in duplicate. The presence of 100 % H 2 completely inhibited growth. Both L-cystine and elemental sulfur efficiently counteracted the inhibition, and sulfide was produced. No sulfide production was observed in the absence of cells.
Fatty acid analyses were carried out by the Identification Service of the DSMZ. Cells were grown in M25MaltY at pH 5.8 and 65
C, and were harvested in the late exponential growth phase. Fatty acids were extracted from freeze-dried cell material and analysed using the standard MIDI Sherlock Microbial Identification system (version 6.1). Peaks were identified with an Agilent 6890N gas chromatograph using the peak naming table TSBA40. Fatty acids present above trace levels (>1 %) were: C 16 : 0 (52.6 %), C 14 : 0 (12.5 %), C 16 : 1 !7c and/or iso-C 15 : 0 2-OH (11.4 %), C 16 : 1 !9c (10.6 %), C 18 : 1 !9c (3.9 %), C 18 : 0 (2.5 %), C 18 : 1 !7c (1.7 %) and C 12 : 0 (1.4 %). (Postec et al., 2010) . +, Positive; (+), weakly positive; À, negative; ND, not determined. The DNA G+C content of strain 2PyrY55-1 T was determined from the melting point (T m ) by thermal denaturation (Mandel et al., 1970 ) using a Cary 300 UV-Vis spectrophotometer (Varian). DNA from Escherichia coli (Sigma) was used as a reference for the measurements. DNA was isolated by use of the procedure described by Marmur (1963) , with modifications as described by Steinsbu et al. (2011) . The measurements were done in duplicate. The DNA G+C content of strain 2 PyrY55-1 T was 27 mol%.
The phylogenetic analyses clearly indicated that strain 2PyrY55-1 T is a member of the genus Marinitoga (Fig. 2) . The strain had a DNA G+C content of 27 mol%, which is close to the values of recognized Marinitoga species (Table 1 ). The strain also had pH, temperature and NaCl preferences that are similar to those of the other species of the genus. Cells were surrounded by a 'toga', which is a characteristic feature of members of the genus Marinitoga, as well as other members of the class Thermotogae. The strain was anaerobic and thermophilic, and was able to ferment various proteinaceous substrates and carbohydrates, which is in accordance with the description of the genus (Wery et al., 2001) . The presence of a polar flagellum, cell division by constriction, and stimulation of growth by L-cystine and elemental sulfur are traits that strain 2PyrY55-1 T shared with all members of the genus Marinitoga. Growth inhibition by H 2 and counteraction of the inhibition when L-cystine or elemental sulfur is present are traits that strain 2PyrY55-1 T had in common with M. camini and M. piezophila. This is in contrast to the cell growth of the remaining species, which is not affected by H 2 . The traits of strain 2PyrY55-1 T are in accordance with the criteria set by Wery et al. (2001) for membership in the genus Marinitoga. Therefore, the novel strain should be regarded as a member of this genus.
The 16S rRNA sequence similarity analyses done via the EzTaxon revealed similarity of 95.0-96.0 % with other species within the genus Marinitoga (Table 1 ). This indicates that strain 2PyrY55-1 T represents a novel species according to the most conservative threshold values currently suggested (i.e. 97 %) for defining a new species based on 16S rRNA gene sequence similarity (Schleifer, 2009) . The substrate preferences of 2PyrY55-1 T were also distinct from those of other type strains of the genus (Table 1) . Cellular fatty acids have so far only been reported for M. okinawensis (Nunoura et al., 2007) , and the most dominant fatty acid was C 16 : 0 (71.0 %), which is also the case for strain 2PyrY55-1 T . The second most abundant fatty acid for M. Fig. 2 . NJ tree based on the 16S rRNA gene sequences of strain 2PyrY55-1 T and representative strains of other members of the class Thermotogae. Bootstrap values are given at the branches, first for NJ analysis (1000 replications), secondly for ML analyses (200 replications) and finally for MP analyses (200 replications). GenBank accession numbers are given in parentheses. The GenBank accession numbers of the sequences within the collapsed branches are: AY800102, FR733705, AY125964, AJ311702, AJ311703 and Y15479, for Petrotoga; HM037999 and L10659, for Geotoga; CP003532 (two gene copies) and HE818616, for Mesotoga; EU276414, EU980631, KC119212, AB530678 and AB530679, for Kosmotoga; AF355615, X80790, U22664 and AB039769, for Pseudothermotoga; AP014510, AP014509, U89768, AB27016, AB027017, AB039768 and M21774, for Thermotoga; AY878719, M59176, CP003260, EU851047, Z49117 and CP000771, for Fervidobacterium; GQ292553, Z70248, AB257289, DQ647057, AB024932, KF931642, AJ272022 and AJ577471, for Thermosipho. Bar, 0.02 substitutions per nucleotide position. okinawensis was C 18 : 0 (21.4 %). Strain 2PyrY55-1 T also posessed this fatty acid, but at a much smaller fraction of the total (2.8 %). M. okinawensis also contained C 16 : 1 (6.0 %) and C 18 : 1 (1.6 %). These fatty acids were more abundant in strain 2PyrY55-1 T . In contrast to M. okinawensis, strain 2PyrY55-1 T also contained significant amounts of C 14 : 0 and C 12 : 0 . In sum, the phenotypic, phylogenetic and genotypic differences indicate that strain 2PyrY55-1 T represents a novel species within the genus Marinitoga.
Based on the data presented above we suggest that strain 2PyrY55-1 T should be classified as representing a novel species of the genus Marinitoga, for which the name Marinitoga arctica sp. nov. is proposed.
Description of Marinitoga arctica sp. nov.
Marinitoga arctica (arc¢ti.ca. L. fem. adj. arctica northern, Arctic, the place of origin of the type strain).
Cells are Gram-negative, rod-shaped, 0.5-0.8Â1.0-5.0 µm, anaerobic, motile by means of a polar flagellum and surounded by a sheath-like structure ('toga'). Growth occurs at 45-70 C (optimum 65 C), at pH 5.0-7.5 (optimum pH 5.5) and in the presence of 1.5-5.5 % (w/v) NaCl (optimum 2.5 %). Cells grow by fermentation of pyruvate, complex proteinaceous substrates and various sugars. L-Cystine and elemental sulfur are used as electron acceptors, and sulfide is produced. Cellular fatty acids include unbranched saturated (C 12 : 0 , C 14 : 0 , C 16 : 0 and C 18 : 0 ) and mono-unsaturated forms (C 16 : 1 !9c, C 18 : 1 !9c, C 18 : 1 !7c), as well as C 16 : 1 !7c and/or iso-C 15 : 0 2-OH.
The type strain is 2PyrY55-1 T (=DSM 29778 T =JCM 30566 T ), isolated from the wall of an active white smoker chimney (~270 C) located~700 m below sea level in the Soria Moria vent field (71 N) in the Norwegian-Greenland Sea. The genomic DNA G+C content of the type strain is 27 mol% (T m method).
